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BrackishWe show high feasibility of using cement industrial ﬂue gas as CO2 source for microalgal cultivation. The toxicity
of cement ﬂue gas (12–15% CO2) on algal biomass production and composition (lipids, proteins, carbohydrates)
was tested using monocultures (Tetraselmis sp., green algae, Skeletonema marinoi, diatom) and natural brackish
communities. The performance of a natural microalgal community dominated by spring diatoms was compared
to a highly productive diatommonoculture S. marinoi fed with ﬂue gas or air–CO2mixture. Flue gas was not toxic
to any of themicroalgae tested. Instead we showhigh quality ofmicroalgal biomass (lipids 20–30% DW, proteins
20–28% DW, carbohydrates 15–30% DW) and high production when cultivated with ﬂue gas addition compared
to CO2–air. Brackish Baltic Sea microalgal communities performed equally or better in terms of biomass quality
and production than documented monocultures of diatom and green algae, often used in algal research and de-
velopment. Hence, we conclude that microalgae should be included in biological solutions to transform waste
into renewable resources in coastal waters.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Flue gas as CO2 source for microalgae
The cement industry is responsible for approximately 4–5% of global
CO2 emissions [1–3]. Usingmass cultivation of microalgae is considered
environmentally safe and sustainable for the abatement of CO2 from in-
dustrial ﬂue gas [4–8]. Recent studies questioned the contribution of
algae to global CO2 removal since algae ﬁx CO2 from ﬂue gas but do
not offer permanent storage nor are energy efﬁcient [9,10]. However,
microalgae biomass can deliver products (biofuels, industrial material
etc.) that may replace an equivalent amount of fossil fuels, hence facili-
tating the sustainability of microalgae-based product development [9].
By 2030 the EC proposes that emissions from sectors covered by emis-
sion trade scheme (ETS) will be 43% lower than in 2005 [11]. This pro-
posal, combined with political climate change targets and market
forces can provide economic incentive for future company investments
in new technology.
Flue gas generally contains 3–15% CO2 (v/v) depending on fuel feed-
stock and type of operation [12] and thus can be used as a source of CO2
for microalgae cultivation. Microalgae show a good growth potential in
CO2 concentrations up to 10–20% regardless of the source, e.g. pure CO2EC, European Commission; FG,
munity; PBR, photobioreactor;
i; SYKE, Finnish Environment
total proteins; v, volume; w,
.
. This is an open access article under[13,14] and industrial ﬂue gas [15–17,6,18,8]. Industrial ﬂue gas con-
tains over 100 substances, of which several are potentially toxic to
microalgae (e.g. SOx, NOx, HF, heavy metals) [19]. Numerous studies
have weighed opportunities and limitations of microalgal cultivation
and based on predictions have showed the potential of a process
where industrial waste CO2 is converted to bioproducts through algae
[20–24]. Empirical studies on the tolerance of microalgae to industrial
ﬂue gas are increasing steadily but rarely include various taxonomic
groups of microalgae, and trials with natural or multispecies communi-
ties are noticeably lacking.
1.2. Importance of diversity and production for microalgae cultivation
Outdoor mass cultivation of microalgae has generally focused on
highly productive monoclonal cultures for biomass production or
targeting speciﬁc chemicals. Few studies have been using multispecies
cultures or natural assemblages of microalgae to improve production
yields. Productivity and stability of natural terrestrial ecosystems have
been positively linked to diversity and species richness [25–28] but
may be applicable to marine habitats [29]. Productivity of agro systems
is considered to beneﬁt from intercropping through the establishment
of stable and sustainable ecosystems within crop farmlands [30]. Both
observational [31] and experimental studies [32–34] indicate that this
applies also for microbial communities, including microalgae. The posi-
tive relationship between diversity and productivity may be explained
by 1) the complementary effect, where resource utilization is higher
in a more diverse community [35,29,36] and 2) the selection effect,
where one highly productive species, is favored by certain environmen-
tal conditions over other species in a diverse community [37]. The twothe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Composition of the conditioned ﬂue gas collected from Cementa AB, Degerhamn,
Sweden for this study. Values are valid from April 2013 to May 2014, metal levels
were measured in September 2012.
Source: environmental report HeidelbergCement, Degerhamn 2013.
Temperature 150–200 °C
CO2 12–15%
O2 0–21%
H2O 0–15%
NOx b800 mg/Nm3
SO2 b50 mg/Nm3
CO 0–1000 mg/Nm3
NH3 b50 mg/Nm3
HCl b10 mg/Nm3
HF 0–0.01 mg Nm−3
Dust particles b10 mg/Nm3
Metalsa b0.5 mg/Nm3
Mercury (Hg) b0.03 mg/Nm3
Cadmium (Cd) + titanium (Ti) b0.05 mg/Nm3
a Metals: Sb + As + Pb + Cr + Co + Cu +Mn+ Ni + V.
Fig. 1. Dry weight (DW) of Tetraselmis sp. during the experiment excluding the initial
two-day lag-phase (n = 2).
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accounted for, while estimating the effect of diversity on productivity
[26,37]. The complementary effect in diverse microalgae communities
could lead to a more stable and resilient system less prone to invasive
species and zooplankton grazing pressure [38]. The same mechanism
of decreased pest susceptibility was shown for plant crops [39]. Diverse
communities seem to be more productive and resilient in natural vari-
able environments where changing abiotic factors affect productivity.
Additionally, the spectrum of valuable chemicals in terms of lipids,
proteins, carbohydrates and pigments produced will most likely be
more diverse in a diverse community. Smith et al. [40] suggested that
multispecies communities of microalgae in open pond cultivation sys-
tems could accumulate more solar energy as lipids due to a more efﬁ-
cient utilization of light from different functional groups of microalgae,
in contrast to closed systemswithmonocultures. Positive effects of spe-
cies richness (level of two, three and four species) were found on both
algal biovolume and lipid content compared to monocultures [41].
These effects were attributed to complementarity rather than selection
effects. Stockenreiter et al. [42] found the relationship of functional
group richness more strongly linked to lipid content than mere species
richness, suggesting that a more efﬁcient light utilization within func-
tionally diverse communities contributed to the higher lipid content.
Extrapolating these ﬁndings from natural and artiﬁcial ecosystems to
industrial mass cultivation of microalgae leads to a combination of un-
certainties. Nonetheless, the use of natural community as inoculum in
large-scale production system could increase the stability, resilience
and productivity of the system.
Composition of theﬂue gas from the cement industry varieswith the
origin of the raw substrate and the combustion process. For the ﬁrst
time the potential use of ﬂue gas from Cementa AB, Degerhamn,
Öland, SE for microalgal biomass production was evaluated using
monocultures and natural communities from the Baltic Sea.
This study aims to test the toxicity of cement ﬂue gas on biomass
production of a monoculture (Tetraselmis sp., green algae), and to com-
pare biomass composition (lipids, proteins, carbohydrates) and produc-
tion of a natural microalgal community dominated by spring diatoms to
one highly productive diatom monoculture during treatments of ﬂue
gas or air–CO2 mixture. The reference monoculture was Skeletonema
marinoi (strain SMTV1), a rapidly growing diatom common in the
spring bloom community in the Baltic Sea.
2. Material and methods
2.1. Study site
Cementa AB Degerhamn, Öland, southeast Sweden, manufactures
300,000 tons of cement annually and releases approximately
260,000 tons of CO2 through their ﬂue gas. The major components of
the ﬂue gas emissions, besides CO2, are SO2, NOx and dust (Table 1).
The Cementa HeidelbergCement group is working to reduce the CO2
emissions by 10% by the year 2020 at the plant in Degerhamn, and
will strive to achieve 0% by 2050. The possibility of lowering their car-
bon footprint by using mass cultivation of microalgae to capture the
CO2 rich ﬂue gas is currently being evaluated in an academia–industry
collaboration. The valorization of the produced algal biomass to gener-
ate bulk chemicals, such as lipids, carbohydrates and proteins for con-
version to bioenergy or high value products is also assessed.
2.2. Flue gas and CO2
The cement ﬂue gas was collected from the monitoring sampling
point in one of the ﬂue stacks at the Cementa AB Degerhamn factory
by using a high-pressure compressor and ﬁlling the ﬂue gas into gas
cylinders at 150–200 bar. The composition of the ﬂue gas varied
12–15% during the experiments (Table 1). Industrial grade CO2–air
mixture (13.5% CO2) was obtained from AGA Gas AB.2.3. Microalgal stock cultures
The green algae Tetraselmis (strain KAC21) and the diatom S. marinoi
(strain SMTV1) were grown in ﬁltered Baltic seawater (salinity 7,
ﬁltered 0.2 μm) enriched with original Guillard's f/2 medium and
f/2 + Si respectively [43]. Strains were obtained from the Kalmar Algal
Collection (KAC) and the Finnish Environment Institute (SYKE).
Cultureswere grown in 10 L glass ﬂasks, gently bubbledwith air at tem-
perature 18 °C (Tetraselmis) and 15 °C (S. marinoi), and at irradiance
300–500 μmol photons s−1 m−2. Irradiance was measured with a digi-
tal scalar irradiance meter (Biospherical Instruments Inc.). A natural
microalgal community was sampled during the spring bloom of 2013
in the SW Baltic Sea (PRODIVERSA cruise, station 8, 18 April, longitude
17.33342 latitude 56.2559). Diatoms dominated the community, pri-
marily of the genus Chaetoceros spp. dinoﬂagellates, cryptophytes,
euglenophytes and chlorophytes (green algae) were also present in
lower abundance.
2.4. Experimental design
2.4.1. Can microalgae use the CO2 in ﬂue gas and how is the quality of the
biomass affected?
Tetraselmis was inoculated (5000 cells mL−1) in six cylinders in
photobioreactor 1 (PBR1, Fig. 1, Table 2) ﬁlled with f/2 Baltic seawater
medium. Three replicates were supplied with air (control) and three
with cement ﬂue gas daily for 40–120 s at a ﬂow rate of 5 L min−1.
Growth performance of Tetraselmis was monitored over 10 days. Sam-
ples were taken daily in each replicate cylinder for cell density and pH
(days 1–10), and dry weight (DW) from day 3 to 10. Endpoint lipids
and inorganic nutrient levels were also measured at day 10. Cells were
ﬁxed with Lugol's solution prior to counting. pH was measured with a
Table 2
Technical speciﬁcations and set-up of the two photobioreactors (PBR) used in the study.
PBR1 PBR2
Dimension (H × d) mm 1000 × 100 531.6 × 117.3
Cylinders 6 12
Material Acrylic Polystyrene
Culture volume L 5.8 4.2
Irradiancea μmol m−2 s−1 340–550 300–500
Light supply Metal-halide lamps (250 W Osram)
Light:dark 16:8 16:8
Temperature °C 18 15
Air feed (0.2 μm ﬁltered) Perforated pipes
Air release 20 to 150 mm
from bottom of cylinder
Air stone
Air release 0 to 20 mm
from bottom of cylinder
FG/CO2 feed Bottom up through
perforated plug
Bottom up through airstone
Daily FG/CO2 distribution Single pulse, 40–120 s Multi pulses (3×), 60 s
Gas ﬂow rate 5 L min−1 1 L min−1
a Measured with a digital scalar irradiance meter (Biospherical Instruments Inc.).
229M. Olofsson et al. / Algal Research 11 (2015) 227–233compact inoLab Level 1 pH meter. Dry weight was determined by ﬁl-
tering 25 mL onto prewashed (10 mL 0.5 M ammonium formate),
dried and preweighed 45 mm glass ﬁber ﬁlters (Whatman GF/C). Max-
imum speciﬁc growth rate was derived from the steepest slope by plot-
ting the natural logarithm of the cell density using at least 3 successive
data points (days 1–6). Productivity (mg DW L−1 d−1) was determined
using the natural logarithm of DWvalues during the same time interval.
Tetraselmis samples (50 mL) for analysis of total lipids were centrifuged
for 20min at 11,900 ×g, at 4 °C (Beckman, Avanti J-25). The supernatant
was discarded and the pellet frozen in 50 mL Falcon tubes.
2.4.2. How does the production and chemical composition differ between
a monoculture and a natural microalgal community under ﬂue gas
treatment?
S. marinoi (Sm) and the natural community (NC) were inoculated
(3 μg Chla L−1) in 3 × 2 × 2 replicate cylinders in photobioreactor 2
(PBR2, Table 2.) ﬁlled with f/2 Baltic seawater medium. Triplicates of
Sm and NC were repeatedly (3 times during the light period; 08.00,
12.00 and 16.00) spargedwith cementﬂue gas alternativelywith indus-
trial grade CO2–air mixture for 1min at a ﬂow of 1 Lmin−1. Upon injec-
tion of ﬂue gas or industrial grade CO2 pH decreased in the PB2 bottles
by 1 to 1.5 units. Recovery of pH to initial values occurred gradually
over 3–4 h before the next injection.
Growth performance was monitored over 10 days. Samples were
taken daily in each replicate cylinder for Chla concentration, cell abun-
dance and community composition and pH, and DW from days 3 to
10. Endpoint chemical composition (lipids, proteins, carbohydrates)
and inorganic nutrient levels were also measured at day 10. Cells were
ﬁxed with Lugol's solution prior to counting. pH was measured daily
with a HI98128 hand pH-meter (Hanna instruments). Dry weight was
determined by ﬁltering 25–100 mL onto prewashed (Milli-Q), dried
and preweighed 45 mm glass ﬁber ﬁlters (Whatman GF/C). Growth
rate was derived from the slope in the growth phase by plotting the
natural logarithm of the Chla concentration over days 1–5. Productivity
(mg DWL−1 d−1) was calculated using endpoint values of DWover the
experimental period (10 days). The theoretical optimum productivity
(mg DW L−1 d−1) was calculated using the initial biomass (DW) and
the growth rate at maximum yield (day 4). Biomass for analysis of
chemical composition was collected by ﬁltration of 1200 mL from
each replicate onto a 3 μm SS Millipore ﬁlter and transferred to 50 mL
Falcon tubes. The Falcon tubes were centrifuged at 2850 ×g (Hettich
Universal 16R) and the supernatant was discarded. The pellet was
frozen and then vacuum dried using a Labconco bulktray drier and a
Scanvac Coolsafe until constant weight. At constantweight, the biomass
was divided for analysis of total protein (10 mg) and carbohydrates
(10 mg) and the remaining biomass of 96 ± 0.6 mg was used for total
lipid analysis.2.5. Microalgal biomass and composition
Cell density of monoculture Tetraselmis and Sm was measured using
a 0.1mL PalmerMaloney counting chamber. Cell abundance and compo-
sition of NC were determined using sedimentation chambers [44]. At
least 300 cells were counted in each replicate using an inverted light
microscope (Zeiss PrimoVert). Cells were identiﬁed to the genus or spe-
cies level when possible. Cell biovolume was calculated using the
method of Olenina et al. [45] andmultiplied with cell numbers to obtain
the total biovolume (μm3 L−1). Chlorophyll a (Chla) was analyzed
ﬂuorometrically (Turner Trilogy ﬂuorometer) on ethanol extracts ac-
cording to Jespersen & Christoffersen [46]. Depending on concentration,
5–20mL of microalgal suspension was ﬁltered onto 25mm Pall AE/E ﬁl-
ters prior to extraction in ethanol. Filters for DW were immediately
washed after sampling to remove excess salt with 10 mL 0.5 M
ammonium-formate and dried in 80 °C (Tetraselmis) or washed with
10mLMilliQ and dried in 100 °C (Sm and NC) until constantweight. Fil-
terswereweighed on aMettler Toledo, College-B B154 scale. Dryweight
was calculated by subtracting the weights of the dried ﬁlters with bio-
mass and the dried prewashed ﬁlters.
2.6. Product analyses
2.6.1. Total lipids
Lipid extractions were performed using a modiﬁed Bligh & Dyer
method [47]. The lipids were extracted from the algal pellet with
Chloroform:MeOH 1:2 (v/v). In order to break cell walls samples were
sonicated using a Sonics Vibra-cell (VCX 130) for 5 min at 100%
for Tetraselmis and 2 min at 50% for Sm and NC. For Sm and NC the
chloroform:MeOH 1:2 extraction procedure was repeated three times
by collecting the supernatant in new falcon tubes after centrifugation
(10 min, 2850 ×g, Hettich Universal 16R). Water and chloroform were
then added to the recovered supernatant in the ﬁnal proportions
of chloroform:MeOH:H2O 2:2:1 and the solution was vortexed until
homogenous. The solution was then centrifuged (10 min, 2850 ×g,
Hettich Universal 16R). The aqueous-methanol layer was removed
and the remaining chloroform/lipid layer was transferred into pre-
weighed glass sampling tubes and dried until constant weight (Mettler
Toledo, College-B B154 scale). The empty pre-weighed values were
subtracted from the weighed sample values. For the Sm and NC sam-
ples the collected supernatant was ﬁltered through a 25 mm syringe
ﬁlter w/0.2 μm PTFE membrane into pre-weighed glass vials. To re-
move any traces of water a few drops of MeOH were added and
then the samples were evaporated by using a ﬁltered (0.2 μm) stream
of compressed air. When the samples appeared dry and the chloro-
form had completely evaporated the samples were further dried in
an oven at 60 °C until constant weight.
2.6.2. Protein analysis
5 mg vacuum-dried biomass was resuspended in 2 mL 1 M NaOH
and incubated in a waterbath at 95 °C for 60 min. Samples were then
centrifuged (10 min, 2850 ×g, Hettich Universal 16R) and 100 μL of
the supernatant was transferred to glass tubes. A ready-made assay,
Bio-Rad DC Protein assay kit II, using the Folin-Phenol protein quantiﬁ-
cation method [48] was used to prepare the samples to be read in a
spectrophotometer. The sample values were compared to a standard
curve with the range of 0.2–1.0 mg mL−1 made from the bovine
serum albumin standard included in the assay.
2.6.3. Carbohydrate analysis
Carbohydrate extraction was carried out using the phenol-sulfuric
acid method described by DuBois et al. [49]. The vacuum-dried biomass
was dissolved in 5 mL 1 M H2SO4 and incubated in 90 °C for 60 min.
After incubation samples were cooled down to room temperature and
centrifuged (10 min, 2850 ×g, Hettich Universal 16R), 100 μL of the
supernatant was added to a glass vial and was let to react with 1 mL
Table 3
Cell density, growth rate, biomass and productivity of Tetraselmis sp. fed with air and ﬂue
gas (FG). Slope, conﬁdence interval (CI) and coefﬁcient of determination (R2) of simple re-
gressions of the natural logarithm of cell density were calculated over the experimental
period (days). Statistical comparison of slopes for cell density between treatments of Air
and FG is represented by p-value. Biomass and productivity are the mean of duplicate
values. n.a. not applicable.
Ln cells mL−1 Growth rate d−1 CI R2 Day p-Value
Air 0.83 0.67–0.98 0.95 2–6 0.0283
FG 1.04 0.91–1.18 0.98 1–5
Biomass Productivity mg L−1 d−1 Range
Air 34.7 31.3–38.0 n.a. 3–9 n.a.
FG 57.3 50.7–64.0 n.a. 3–6 n.a.
230 M. Olofsson et al. / Algal Research 11 (2015) 227–233of Phenol (5% w/v) and 3 mL of H2SO4 (72 wt.%). A glucose standard
curve using Sigma D-(+)-glucose with the range of 0.2–1.0 mg mL−1
was prepared. Samples were incubated in a waterbath at 90 °C for
5min. Absorbancewasmeasured using a VWRUV-1600 PC spectropho-
tometer at 490 nm and concentrations were determined by comparing
to the standard curve.
2.7. Statistics
Statistical analyses (2-way ANOVAs, paired t-test) followed by
Tukey's post-hoc test were performed using Graph Pad prism (version
6.0d for Mac OS X, GraphPad Software, La Jolla California USA). The
level of signiﬁcance was determined to p b 0.05. Multiplicity adjusted
p values, accounting for multiple comparisons, are reported. In the ex-
periment with Tetraselmis, biofouling occurred in one replicate per
treatment, hence simple regression based on the natural logarithm
during linear growth of the exponential phase was performed from
two replicates. The slopes of the regressions were then compared
statistically between the ﬂue gas and air treatment using Graph Pad
prism.
3. Results
3.1. Utilization of CO2 in ﬂue gas and quality of algal biomass
The FG composition used is shown in Table 1. The main compounds
of the FG were CO, NOx and SOx, in addition to CO2. In addition the FG
also containedNH3 and variousmetals that can be used for algal growth,
while the presence of dust particles, mercury and cadmium can have a
negative effect on algal metabolism. Experiment performed in batch
cultures demonstrated that FG can be used as the CO2 source for
Tetraselmis increasing growth performance (Fig. 1). The growth of
Tetraselmis sp. was signiﬁcantly higher for FG (1.04 d−1) compared to
air control (0.83 d−1) (F= 5.815, p= 0.028, Table 3). Maximum yield
(200 mg L−1) was attained on day 6 with FG compared to day 9 in air
control cultures (Fig. 1). Consequently, the highest productivity was
achieved in FG treatment (57.3±6.7mg L−1 d−1) compared to air con-
trol (34.7 ± 3.3 mg L−1 d−1), corresponding to a 1.6-fold increase
(Table 3).Table 4
Dry weight, productivity, maximum growth rate, cell density, biovolume and theoretical maxim
(NC) fed with CO2 and ﬂue gas (FG). Different letters indicate signiﬁcant differences for a given
Treatment Dry weight
(mg L−1)
Productivity
(mg L−1 d−1)
Growth rate
(d−1)
Day 10 0–10 1–5
Sm CO2 77 ± 0.02 4.27 ± 1.70a 1.05 ± 0.04a
Sm FG 81 ± 0.01 4.73 ± 0.61a 1.03 ± 0.04a
NC CO2 77 ± 0.01 6.47 ± 0.99b 0.87 ± 0.12b
NC FG 75 ± 0.01 6.33 ± 1.29b 0.88 ± 0.02bAddition of FG did not affect the total lipid levels in Tetraselmis sp. re-
gardless of treatment (air: 10.9 ± 5.8%, FG: 10.1 ± 6.8% of DW). No sig-
niﬁcant differences were found among the treatments (one-way
ANOVA, F=0.433, p=0.661). The experimentwas repeated using ref-
erence cultures bubbled with CO2, in which the lipid levels were similar
as for the air and FG treatments (data not shown).
3.2. Production and chemical composition of monoculture and a natural
microalgal community fed with ﬂue gas
Productivity was signiﬁcantly higher in NC (~6.5 mg L−1 d−1) com-
pared to Sm (~4.5mg L−1 d−1) regardless of treatment (2-way ANOVA,
community: F = 7.351, p = 0.027, treatment: F = 0.057, p = 0.818)
(Table 4). Yield in DW after 10 days was similar for Sm and NC regard-
less of treatment (2-way ANOVA, community: F = 0.183, p = 0.680,
treatment: F = 0.057, p = 0.818). On the other hand, growth rates
based on Chla were higher in Sm monoculture (~1 d−1) compared
to the NC (~0.8 d−1) (2-way ANOVA, community: F = 57.860,
p b 0.0001, treatment: F = 0.028, p = 0.871, Tukey's post-hoc test)
(Table 4, Fig. 2). Cell density was twice as high in Sm cultures compared
to NC (2-way ANOVA, community: F= 64.100, p b 0.0001, treatment:
F = 0.062, p = 0.810). Hence, biovolumes were marginally higher in
Sm (biovolumes, 2-way ANOVA, community: F = 6.892, p = 0.030,
treatment: F = 0.361, p = 0.564) (Table 4). The ratio between
biovolume and cell density showed larger cells in the NC (3.0:1) com-
pared to Sm (1.4:1). This was conﬁrmed by the species composition in
NC, dominated by diatoms (90% of the total biovolume) in both treat-
ments, mostly Chaetoceros wighamii (67% of the total biovolume in
both treatments) (Fig. 3). All together the genera Chaetoceros and
Tabellaria consist of cells 2–10 times larger than Skeletonema cells.
Smaller cells (the diatom Cylindrotheca and Skeletonema, the genus
Euglena and ﬂagellates) only made up for 10% of the biomass. No signif-
icant difference was found between treatments (paired t-test, p N 0.99).
Total lipid (TL) ranged 16–28% DW in Sm and 24–27% DW in NC
with no signiﬁcant difference (Fig. 4a). Total proteins (TP) content of
Sm and NC were similar ranging 21–28% DW (Fig. 4b). Total carbohy-
drates (TC) were higher in Sm (30% DW) compared to NC (20% DW)
with a signiﬁcant difference for FG treatment (2-way ANOVA, commu-
nity: F= 21.67, p= 0.01, Tukey's post-hoc test) (Fig. 4c).
4. Discussion
4.1. Potential for using ﬂue gas for algal cultivation
Marine and brackish microalgal production provides a sustainable
mitigation bioﬁltration method for the removal of greenhouse gases
such as CO2 and various pollutants, nutrients and metals. Due to the
composition of the ﬂue gas released at the Cementa AB plant in
Degerhamn, SE we needed to test the tolerance limits and biomass pro-
ductivity of selected microalgal strains and natural communities.
The results reported here demonstrate that ﬂue gas from the
Degerhamn plant can be used to produce algae in brackish waters
in the Baltic Sea region. Productivity of the Baltic Sea microalgae dou-
bled with ﬂue gas indicating a good source of CO2 and no toxicity toum production ± SD for Skeletonema marinoi (Sm) and a natural microalgae community
parameter.
Cell density
(109 cells L−1)
Biovolume
(mm3 L−1)
Theoretical maximum production
(mg L−1 d−1)
10 10 2–5
3.35 ± 0.88a 462 ± 122a 306 ± 32
3.33 ± 0.37a 460 ± 52a 291 ± 29
1.16 ± 0.05b 377 ± 23b 71 ± 25
1.04 ± 0.12b 329 ± 43b 70 ± 4
Fig. 2.Natural logarithm of chlorophyll a (Chla) values for a) Skeletonema marinoi (Sm) and b) the natural microalgae community (NC) during the experiment. Trend linemarks the days
used for calculation of growth rate (n= 3± SD).
231M. Olofsson et al. / Algal Research 11 (2015) 227–233microalgae. The productivity of microalgae depends heavily on the
conditioning of the raw ﬂue gas due to the substantial levels of toxic
compounds [19]. We demonstrate that the conditioning of ﬂue gas at
Cementa AB, Degerhamn, removing NOx, SOx, dioxins, and particles is
satisfactory for microalgal cultivation. Another challenge when using
ﬂue gas is the decreased pH due to CO2 and other compounds. The use
of brackish seawater in our study provides a natural buffer capacity
compared to freshwater and this is particularly relevant on an island
where freshwater valuable resources are scarce.
Productivity of microalgae is related to the availability of CO2 in
the growth environment and the 12–15% CO2 in the cement ﬂue gas
in this study ﬁts the requirements for growth and the CO2 tolerance
of brackish microalgae. Green algae and diatoms dominate the natural
microalgal community in the Baltic Sea during spring and early sum-
mer [50,51]. Both in marine and freshwater, these two algal groups
have a broad CO2 tolerance (14–40%) while optimal CO2 for growth
is 10–15% [52,53].
Productivity performance of brackish microalgae monocultures and
natural communities in this study was in the lower range compared to
reported values [54,55].Worthmentioning is that the primary intention
of the present study was not to optimize productivity but provide a
comparison of microalgae growth with ﬂue gas. Weis et al. [34] demon-
strated that under homogenous conditions a monoculture would per-
form better than a diverse community. Our results conﬁrm this as
maximum growth rate, hence theoretical maximum productivity,
achieved in the monocultures exceeded the ones of natural communi-
ties four times. Increased species richness can be linked to increased re-
source use, nutrient recycling and productivity.With increaseddiversity
the cultures can be more adaptable and resilient in a spatial heteroge-
neous environment [29], which could explain the higher productivity
of the natural community at maximum yield through complementary
effects [26,41]. Since ﬂue gas had no stress effect on the microalgalCO
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Fig. 3. The contribution (%) of algal taxonomic groups (ﬂagellates) and species to the tcommunity composition, this ﬁnding is encouraging for the use of
natural communities in view of a stable production in large-scale culti-
vation systems.
When evaluating the potential of using ﬂue gas for algal cultivation
and product development, it is essential to determine the quality of
the microalgal biomass in terms of lipids, proteins and carbohydrates.
In this study, lipid, protein and carbohydrate contents in green algae
and diatoms were not affected by the cement ﬂue gas (12–15% CO2)
compared to standard cultivation methods, using aeration or pure
CO2. A moderate increase in CO2 (5–20%) can stimulate the accumula-
tion of lipids [56], while higher CO2 concentrations (N20%) can inhibit
growth and decrease lipid content [57,7]. Similar results have been re-
ported for green algae (e.g. Tetraselmis suecica, Chlorella sp.) grown
with untreated ﬂue gas from coal ﬁre power plant or industrial CO2
[58]. Furthermore, the diatom Chaetoceros muelleri showed highest
yield and lipid accumulation at 10% CO2 [59]. The fatty acid composition
in total lipids of Chlorella sorokiniana changed drastically when cultured
with ﬂue gas (~10% CO2) instead of pure CO2 [60], suggesting that bio-
mass quality should be investigated beyond bulk measurements. The
large variability of reported values of biomass quality between algal
groups, species and isolates renders it difﬁcult to identify trends in re-
spect to ﬂue gas effect. In addition, there is a predominant focus on bio-
mass oil content for algal biofuel research, hence neglecting other
valuable products.
4.2. Valuable biomass from Baltic Sea microalgae communities
Most of the research in biological solutions using algal biomass is
based on the use of monocultures that ensures repeatability, which is
paramount in food industry, pharmaceuticals, cosmetics, and biofuel
production. Increasing productivity, yield and valuable product content
often relies on screening for the optimal strains that should be resilientSkeletonema spp.
C. wighamii
Chaetoceros spp.
Cylindrotheca spp.
Tabellaria spp.
Euglena spp.
Flagellates 10-20 µm
Flagellates <10 µm
otal biovolume of natural microalgal communities fed with CO2 and ﬂue gas (FG).
Fig. 4. Chemical composition (% DW) of Skeletonema marinoi (Sm) and natural microalgal
communities (NC) fedwith CO2 and cement ﬂue gas (FG); a) total lipids (TL), b) total pro-
teins (TP) and c) total carbohydrates (TC) (mean, n= 3± SD), *indicates a signiﬁcant dif-
ference between treatments p b 0.05. Two replicates and a dummy value were used to
calculate average values in CO2-TP and FG-TC.
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predation. Ironically, algal monocultures often provide high quality
food for predators and pathogens, and are susceptible to contamination
by other microbes. Our results show that natural brackish microalgal
communities dominated by diatoms are of comparable quality in bio-
chemical composition as other Baltic Sea diatom monocultures. The
natural community in this study, dominated by C. wighamii contained
high levels of lipids (16–28%) similar to other cold water species;
S. marinoi (5–25%, this study), Skeletonema costatum (6–16%) and
C. wighamii (3–27%) [61]. Protein levels (20–30%, this study) were also
in the range of reported values for other Skeletonema strains [62,63].
Carbohydrates are the main organic compounds produced by algae
photosynthesis and accumulate when cells enter stationary growth
phase. Our results showed a higher amount of carbohydrates in
S. marinoi monocultures compared to S. costatum (5–7%, [62]) or the
natural community (20%, this study). This reﬂected that the monocul-
tures entered stationary phase earlier than the natural community,due to higher growth rate. However, there was no accumulation of
lipids in S. costatum, as a consequence of this stress, as reported in the
literature [64,16]. Comparable results to ours are reported in Fig. 3
from Bertozzini et al. [63], regardless of nitrogen stress, carbohydrates
were also stored rather than lipids in S. marinoi. Thus, in our study,
since nutrients were still available in stationary phase it is likely that
light was limiting growth (self shading).
The brackish Baltic Sea algal community performed at the same level
as documented species used in algal cultivation systems in terms of bio-
chemical composition. The combination of a high quality biomass and
higher productivity at maximum yield emphasizes the potential of
using natural communities in algal production.
It remains unclear how ﬂue gas or high CO2 concentrations inﬂuence
other nutritional values, such as fatty acids, vitamins and pigments.
Toxic components in algal biomass, possibly originating from ﬂue gas
or recycled nutrients fromwaste streams, need to be carefully screened
in the valorization process.5. Conclusion
The cement ﬂue gas was not toxic to the microalgae tested, and
proved to be a suitable CO2 source with increased productivity relative
to air, and comparable quality of biomass composition between ﬂue
gas and CO2. The natural brackish microalgal communities dominated
by diatoms show high quality of biomass, and higher productivity than
other Baltic Sea diatom monocultures at maximum yield. Hence, we
demonstrate the potential of using naturally occurring microalgal
communities in outdoor large scale algal cultivation systems. It re-
mains to be proven if this applies to other algal communities such as
green algae, cyanobacteria, and ﬂagellates along the seasonal succes-
sion. For a successful and sustainable large-scale algal biomass produc-
tion, locally (Baltic Sea) adapted species are sought for, as they are
able to cope not only with environmental conditions (temperature,
eutrophication, large pH variation), but also with the constraints
coupled to the cultivation process (CO2 ﬂuctuations, contamination
and pathogens). Therefore, using the natural succession over the
year with seasonally adapted species could aid in the stability and sus-
tainability of algal cultivation. Hence, microalgae should be included in
biological solutions to transform waste into renewable resources in
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